ABSTRACT. The insulin resistance in newborn mammals of the insulin receptor. Binding defects are manifested by demay be caused by a receptor or postreceptor defect. Al-creased numbers of receptors or decreased affinity of the receptor though liver and umbilical cord blood monocytes have for insulin. Postreceptor defects may involve transmembrane increased numbers of insulin receptors, there is a paucity signaling or intracellular steps distal to the receptor. Skeletal of information about other neonatal tissues. Glucose dis-muscle is the organ predominantly responsible for insulin-meposal takes place primarily in the skeletal muscle; there-diated glucose disposal (4), yet previous studies of insulin recepfore, it is important to evaluate this tissue for an insulin tors in the newborn have focused on rat liver ( 5 ) and umbilical receptor defect. To determine the role of insulin receptors cord blood monocytes from human infants (6). Hypertrophy of in neonatal insulin resistance, neonatal and adult canine the cardiac septum has been noted in infants of diabetic mothers skeletal muscle, heart, and liver were compared for num-(7), suggesting a responsiveness of neonatal cardiac muscle to bers of insulin receptors and their affinity for insulin. insulin. There is a single study that evaluates insulin receptors in Partially purified receptors from four animals in each cardiac muscle (8), but there is no information on skeletal muscle group were obtained by wheat germ lectin affinity chro-in the newborn. matography and used in competition binding studies. SpePrevious studies in our laboratory using the euglycemic hypercific binding (mean + SE) in the absence of cold insulin insulinemic clamp model have confirmed incomplete suppreswas increased in newborn skeletal muscle (9.7 2 0.8 versus sion of endogenous glucose production and lower rates of total 4.8 2 0.5%, p < 0.001) and heart (8.1 + 1.2 versus 5.5 f body glucose uptake in response to insulin (9), providing evi-0.670, p < 0.05). High-affinity insulin receptor number dence for insulin resistance in the newborn dog. Indirect evidence (mean f S E M ) was increased in newborn skeletal muscle suggested that this was a postbinding defect.
4.8 2 0.5%, p < 0.001) and heart (8.1 + 1.2 versus 5.5 f body glucose uptake in response to insulin (9) , providing evi-0.670, p < 0.05). High-affinity insulin receptor number dence for insulin resistance in the newborn dog. Indirect evidence (mean f S E M ) was increased in newborn skeletal muscle suggested that this was a postbinding defect.
(183 + 40 versus 120 + 29 pM, p < 0.002) and heart (264 To further evaluate the possibility of an insulin receptor bind-* 9 4 versus 157 f 51 pM, p < 0.05) a s estimated from the ing defect as a cause for neonatal insulin resistance, we have X intercept of the Scatchard plot. Using half-maximal studied skeletal muscle, heart, and liver insulin receptors in the binding to estimate affinity, there were no differences newborn dog, using adults as controls. Receptors were analyzed between adults and newborns among all tissues studied. for binding capacity (number of receptors) and affinity of the High-affinity receptor number and percentage of specific receptor for insulin. binding were similar for newborn and adult liver tissue. No binding defect was found, as depicted by the observations MATERIALS A N D METHODS that the affinity was the same and the number of insulin receptors was the same or increased in the tissues of the Four adult female beagle dogs and four pregnant beagle dogs newborn compared to the adult dogs. These results provide were obtained from Marshall Farms (North Rose, NY). Triton evidence that newborn insulin resistance may be caused by X-100 was obtained from Calbiochem (San Diego, CA); wheat a postbinding defect. Isolation of tissue. Adult dogs were fasted overnight. After killing by i.v. pentobarbital overdose, liver, skeletal muscle, and cardiac muscle tissue were rapidly removed by gross dissection. The fat-trimmed tissue was freeze-clamped in liquid nitrogen Studies in animals (1) and infants (2, 3) have suggested that and stored at -80°C until further analysis. the glucose intolerance of newborn infants is secondary to insulin Pregnant dogs were obtained near term (6 1 d in the beagle) resistance. Although the cellular basis of insulin resistance is with dates of breeding provided. Impending delivery was conunknown, it may result from a binding or a postbinding defect firmed by core temperature decrease, onset of lactation, and/or decreased appetite. Cesarean section under either thorazine or muscle, or heart tissue. Adult and newborn samples were run in parallel. Homogenization was camed out in 50 mM HEPES-I50 mM NaCl buffer with 1% (vol/vol) Triton X-100 at pH 7.6 containing 1 mM bacitracin and the protease inhibitors aprotinin (1 trypsin inhibitory unit/mL), 1 mM phenylmethylsulfonyl fluoride, 2 mM leupeptin, and 2 mM pepstatin A in a Somall homogenizer at setting 7 for 2 min. Solubilization was completed by gentle stirring of the homogenate for 90 min at 4°C. Centrifugation for 10 min at 12 000 x g at 4°C was followed by ultracentrifugation of the supernatant at 150 000 x g for 90 min at 4°C. Affinity chromatography using lectins has been shown to purify the insulin-binding activity of solubilized membranes as much as 22-fold (1 I). Approximately 1 mL of wheat germ agglutinin was added to the supernatant, and equilibration was allowed to occur for 90 min with gentle shaking at 4°C. The preparation was then washed with 100 volumes of 50 mM HEPES-150 mM NaCl buffer at pH 7.6 with a Triton X-100 concentration of 0.1 % to remove nonspecifically bound protein.
Elution from a column was accomplished with 0.3 M N-acetylglucosamine in 50 mM HEPES-150 mM NaCl buffer with 0.1 % (vol/vol) Tnton X-100 at pH 7.6. Fractions collected were then assayed for protein content by the Bio-Rad protein determination method using -y-globulin as protein standard. Fractions with protein were pooled, separated into aliquots, and stored at -80°C until further analysis.
Insulin binding. The partially purified insulin receptors were assessed for insulin binding by competition of varying concentrations of porcine insulin with "'1-labeled insulin. A final volume of 200 pL contained 30 pg of eluate protein, 0.05-0.1 % Triton X-100,0.05-0.2% BSA (insulin-like and insulinase activity free) in 50 mM HEPES buffer at pH 7.6, approximately 10 000 cpm of '251-labeled insulin (2000 Ci/mmol), and increasing concentrations of cold insulin. Incubation at 4°C proceeded overnight. The selective precipitation of the bound insulin and receptor complex by 25% (wt/vol) polyethylene glycol, using 0.06% (wt/vol) gamma globulin as the carrier protein, has been modified from Cuatrecases (12) . Precipitation was allowed to occur for 20 min at 4°C. The pellet was formed using a Beckman microcentrifuge for 10 min. The supernatant was discarded, and 12.5% (wt/vol) polyethylene glycol was used for an additional wash. The final pellet was formed after a 5-min microcentrifugation, and the supernatant was discarded. The pellets were excised and counted in a Micromedic 4/600 gamma counter. Nonspecific binding controls with labeled and unlabeled insulin were prepared without eluate protein, and the average of these values was subtracted from each sample. Specific binding percentage was obtained by dividing the sample counts by total number of counts added and multiplying by 100. Scatchard analysis of the bound concentration of '2SI-insulin and bound/total concentration of 1251-insulin was done with a ligand binding computer program (1 3).
Statistics. Binding was compared between the adult and newborn animal using the paired t test. Affinity and binding capacity were estimated from the binding curves and compared using the paired t test.
RESULTS
Competition studies were performed in duplicate or triplicate (if adequate tissue available) for each of the partially purified, solubilized receptors from the four animals analyzed. Some tissues were studied twice. Skeletal muscle and heart tissue were pooled from pups of the same litter to obtain adequate tissue for analysis. The newborn and adult tissues compared were run in parallel.
Skeletal muscle. The competition curves of specific '251-insulin binding from the skeletal muscle of adult and newborn dogs are shown in Figure 1 . The pooled data demonstrated an increase in specific binding of 1251-insulin in the skeletal muscle of newborns compared to the adult. The binding of 1251-insulin in the absence of competition from cold insulin (maximal binding) was higher in the newborn skeletal muscle (9.7 -t 0.8%/30 pg protein, mean 5 SEM) compared to the adult (4.8 5 0.5%, p < 0.001) (Fig. 2) .
Affinity of the receptor for insulin was compared by determining the concentration of cold insulin needed to reduce maximal binding of 1251-insulin by 50%. Newborn skeletal muscle was similar to the adult muscle in binding affinity (Table 1) . Scatchard analysis of the binding data was performed by plotting bound/total versus bound concentration of insulin. Comparison of ''51-insulin binding to skeletal n~uscle, heart, and liver in newborn (A) and adult dogs (U). Thirty pg of eluate protein from skeletal muscle ( n = lo), heart (n = lo), and liver (n = 13) was incubated with "'I-insulin and increasing concentrations of unlabeled insulin. The unlabeled insulin concentration is given on the abscissa in a log scale. The ordinate shows mean percentage of "'I-insulin specifically bound. *, paired p < 0.05; #, p < 0.00 1.
INSULIN RECEPTORS IN NEWBORN DOGS

Skeletal
Heart Liver Muscle included in the data here; however, the data points are included in the (A) and adult dogs (0). Bound/total insulin is plotted vs insulin bound lnean scatchard plots shown in ~i~~~~ 3, ~h~~~ was no significant (M X lo-"). The insulin receptor shows a curvilinear relationship in all difference between pups and adults in the affinity of the receptor for tissues studied. The high-affinity receptor number is estimated by extrapinsulin in all tissues increase in the number of high-affinity olating a straight line of the high-affinity/low-capacity portion of the sites is noted in skeletal muscle and heart of newborn dogs. curve through the X intercept (see text).
a curvilinear relationship of the Scatchard plot in all tissues studied. This curvilinear line was interpreted as the sum of two intersecting lines representing two populations of receptors, one of high affinity/low capacity and the other of low affinity/high capacity. Pang and Shafer (14) described a linear relationship in Scatchard plots in the physiologic range of insulin, defined as less than 7 nM, which encompasses the high affinity/low capacity binding sites. The binding capacity was determined graphically by extrapolating a straight line from the Scatchard plot in the physiologic range for insulin through the X intercept to obtain the concentration of binding sites of high affinity (Fig. 3) . Full biologic activity has been shown with 10-40% receptor occupancy (1 S), supporting the use of the high-affinity component to estimate receptor number. By this estimation, newborn skeletal muscle contained a greater number of high-affinity receptors (183 k 40 pM, mean 4 SEM) when compared to the adult (120 + 29 pM, p < 0.002) ( Table 1 ). The increased binding of "'Iinsulin in the newborn skeletal muscle was secondary to increased numbers of high-affinity receptors.
Heart. Heart tissues were analyzed in a manner similar to muscle. There was greater binding of 12'I-insulin in the absence of cold insulin in the newborn heart compared to the adult (8.1 + 1.2 versus 5.5 + 0.6%, p < 0.05) (Fig. 2) . The concentration needed to reduce maximal binding by 50% was equal to 3.47 nM for both (Table 1) . Scatchard analysis of heart tissues showed increased numbers of high-affinity receptors in the newborn compared to the adult (264 k 94 versus 157 + 5 1 pM, p < 0.05) ( Our study demonstrates that the insulin receptors in newborn and adult dog skeletal muscle, heart, and liver are similar in affinity for insulin. Specific binding of '*'I-insulin is increased in skeletal muscle and heart, with increased numbers of highaffinity sites in the newborn compared to the adult tissues. Liver tissue shows no difference in specific binding or numbers of highaffinity sites.
Umbilical cord blood monocytes (6) have increased numbers of binding sites and increased affinity of the receptor for insulin. However, these cells may not reflect the receptor status in other tissues. Rat liver ( 5 ) and rat heart (8) also have increased numbers of insulin receptors in the newborn. Our data in newborn dogs showed increased numbers of insulin receptors in heart tissue, but unlike liver from newborn rats, we showed no difference in the liver from newborn dogs compared to the adult. This may be a species difference, or it may reflect the somewhat higher variability seen in our liver tissues. The neonatal tissues examined in earlier studies and the current investigation of newborn dogs are consistent and suggest that numbers and affinity of the insulin receptor are not limiting factors in neonatal insulin responsiveness.
Insulin resistance has been previously investigated in our laboratory using the euglycemic hyperinsulinemic clamp technique in newborn and adult dogs. Newborn dogs did not consistently suppress endogenous glucose production and never achieved maximal glucose metabolization in the presence of hyperinsulinemia when compared with adult dogs (9) . These studies indicated that insulin resistance in the newborn dog occurred in the liver (continued glucose production) and skeletal muscle (reduced glucose metabolization). The inability to achieve maximal effect despite high concentrations of insulin indirectly suggested a postbinding defect (15) . Our data confirm that insulin resistance is not related to an insulin-binding defect in liver from the newborn dog, which is consistent with the data from newborn rats. We extended the studies from rats and demonstrated that skeletal muscle from newborn dogs does not have a defect in the number of insulin receptors or their affinity to insulin and confirmed a postbinding defect in newborn insulin resistance.
Insulin action has been correlated with phosphorylation of tyrosine residues in the P-subunit of the receptor (16, 17) and translocation of glucose transporter proteins from an intracellular storage pool to the plasma membrane (18) . Insulin resistance secondary to a postbinding defect may be at the level of insulinstimulated phosphorylation (receptor tyrosine kinase activity) (19) or steps distal to the receptor. Adults with noninsulindependent diabetes have shown decreased tyrosine kinase activity in red cells (20) , fat (l9), liver (2 I), and skeletal muscle (22) , as well as decreased numbers of glucose transporters in adipocytes (23) . Tyrosine kinase activity has been investigated by Sinha and Jenquin (24) in neonatal rat liver. Insulin-stimulated tyrosine kinase activity was the same in neonatal compared to adult liver after correction for the increased insulin binding.
We are unaware of any information regarding tyrosine kinase activity or glucose transporters in the skeletal muscle of the newborn. The newborn dog may serve as a good animal model for the evaluation of postbinding steps in insulin action including tyrosine kinase activity and glucose transporters.
